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摘要 
I 
摘要 
代谢组学作为系统生物学的重要组成部分对于生命科学基本机制的揭示及
重大疾病标志物的发现具有重要的意义。近年来，随着高效分离技术及高分辨、
高灵敏度生物质谱技术的发展，代谢组学分析方法和策略有了较大的提高，特别
是在稳定同位素化学标记定量方面。然而，由于代谢物的复杂多样性，微量代谢
物的化学结构鉴定和定量分析仍然是当今代谢组学研究面临的巨大挑战。发展具
有多功能、高效、高灵敏度等特点的代谢组学定性定量试剂与方法具有重要的科
学意义和应用价值。 
本文基于“核酸与蛋白共起源”小分子化学进化模型--N-磷酰化氨基酸进行
代谢组学稳定同位素定量分析试剂的设计、合成、方法建立和生物样品分析应用，
成功开发出一种基于有机磷化学的全新手性代谢物定量策略--18O-稳定同位素 N-
磷酰化氨基酸标记(Stable Isotope N-Phosphoryl Amino Acids Labeling, SIPAL)。研
究结果有如下几点：首先，发展了全新 18O 标记技术，成功合成 18O 标记的 N-
磷酰化氨基酸活化酯，与 16O-N-磷酰化氨基酸活化酯组成一组分子量相差 4 Da
的质谱定量试剂，运用 NMR、MS 及单晶衍射方法对相关结构进行了表征。 
其次，发现 SIPAL 不但可以提高质谱分析灵敏度，具有大于 3 个数量级的
定量范围（例如在丙氨酸标准样品分析中 LOD 达到 10 pM），同时改善了大极性
代谢物的液相色谱分离，特别是手性氨基酸的定量分析。通过 N-磷酰化氨基酸
标记，基于普通 C18 色谱柱，对 10 组 D/L-氨基酸进行了成功的分离，Rs 值在
1.5~5.5 之间。另外，SIPAL 标记后还可以通过 31P NMR，HPLC-UV 对氨基酸的
D-/L-比例进行相对定量分析，线性定量 R2均大于 0.99。在对 16O-和 18O-标记的
1:1 混合的 29 种天然氨基酸质谱相对定量研究中，氨基酸的实验测量比值对数值
(log2)在+0.5 和-0.5 之间，说明了 SIPAL 定量分析的可靠性。 
最后，为了研究 SIPAL 定量策略在分析复杂生物样本时的有效性，本次研
究收集了健康人体的尿液作为生物样品进行 SIPAL 标记和 LC-MS/MS 分析。结
果显示在尿液中 30 种不同构型的氨基酸都能够被成功检测定量，同时获得 313
个未知的含有氨基的代谢物定性与定量信息。总之，基于有机磷化学的 SIPAL
手性代谢物衍生试剂的成功开发为代谢组学分析提供了一种全新策略。 
关键词：代谢组学；SIPAL 标记；手性；氨基酸
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Abstract 
Metabonomics is one of the most important tools in systems biology. 
Metabolome study plays an important role in understanding of the basic physiological 
mechanisms and in discovery of the potential biomarkers of specific diseases. Despite 
significant efforts have been made in developing new and improved methods for 
metabolome analysis; high-throughput quantitative metabolic profiling with 
comprehensive metabolome coverage is still a technical challenge. Among different 
methods reported, high-performance differential isotope labeling combined with 
liquid chromatography mass spectrometry (LC-MS) is a promising method for 
quantitative analysis of a large number of metabolites. Although a number of isotope 
labeling reagents have been reported for metabolite or metabolome analysis, only a 
few reagents can provide high-performance separation and detection for 
comprehensive metabolome analysis. The development of multifunctional, more 
efficiency and high sensitivity methods are very important for the qualitative and 
quantitative metabolomics analysis. 
N-Phosphoryl amino acids have been extensively studied as ―Nucleic acid and 
protein coevolution‖ small chemical model for more than 30 years. Based on this 
model, we made a series of experiments to design and synthesize of new stable 
isotope labeling reagents for the quantitative analysis of metabolomics research, as 
well as the establishment of research method and the applications in biological 
samples analysis. Finally, a new strategy named Stable Isotope N-Phosphoryl Amino 
Acids Labeling (SIPAL) for the quantitative analysis of chiral metabolites based on 
organic phosphorus chemistry has been successfully established. 
The results of the study are summarized as follows: first of all, we have 
developed a new 
18
O labeling technology and successfully synthesized two-plex 
labeling reagents, including 
18
O atom labeled N-phosphate activated esters and 
16
O-N- 
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phosphorus acyl amino acid activation ester, in which have 4 Da difference in their 
molecular weight.  The chemical structures of the reagents were characterized by 
using NMR, MS and single crystal diffraction. Second, it is found that SIPAL can 
improve the sensitivity of mass spectrometry analysis, for example, the LOD of 
alanine was 10 pM and the quantitative linear range was more than 3 orders of 
magnitude. At the same time, SIPAL can also improved the separation of metabolites 
with large polarity in liquid chromatographic analysis, especially the quantitative 
analysis of chiral amino acids. Through the N-phosphoryl amino acids labeling, 10 
pairs of D/L- amino acid were successfully separated based on the common C18 
chromatography column. The Rs values are between 1.5 to 5.5. Furthermore, the new 
quantitative strategy for determination of D-/L-amino acids ratios are evaluated by 
using NMR, chromatography, mass spectrometry, the linear quantification of R
2
 was 
more than 0.99. In the relative MS quantitative study of 29 amino acids 1:1 mixture, 
log2 value of the experimental measurement ratio of amino acid is between -0.5 and 
+0.5 , indicating that the reliability of SIPAL quantitative analysis are good. Finally, 
to demonstrate the utility of the 2-plex reagents for metabolome profiling of 
biological samples, urine samples collected from a healthy volunteer were analyzed 
by using SIPAL. The results showed that in the urine of amino acids in the 30 kinds of 
different configurations can be quantified, 313 unknown amine-containing 
metabolites can be detected with tandem MS data and quantification information. In 
conclusion, the successful development of SIPAL reagents based on 
organophosphorus chemistry provides a new strategy for quantitative metabonomics 
research.  
Keywords: metabonomics; N-Phosphoryl Amino Acids labeling; chiral; amino acid 
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缩写索引表 
缩写 中文全称 英文全称 
ACN 乙腈 Acetonitrile 
DIPP 二异丙基亚磷酸酯 Diisopropyl phosphate 
Da 道尔顿 Dalton 
Ala 丙氨酸 Alanine 
Gly 甘氨酸 Glycine 
Phe 苯丙氨酸 Phenylalanine 
His 组氨酸 Histidine 
Ser 丝氨酸 Serine 
Val 缬氨酸 Valine 
Asp 天冬氨酸 Asparticacid 
Asn 天冬酰胺 Asparagine 
Gln 谷氨酰胺 Glutarnine 
Glu 谷氨酸 Glutamicacid 
Met 甲硫氨酸 Methionine 
Cys 半胱氨酸 Cystine 
Leu 亮氨酸 Leucine 
Pro 脯氨酸 Proline 
Tyr 酪氨酸 Tyrosine 
Thr 苏氨酸 Threonine 
Arg 精氨酸 Arginine 
Trp 色氨酸 Tryptophan 
Ile 异亮氨酸 Isoleucine 
Lys 赖氨酸 Lysine 
HRMS 高分辨质谱 
High Resolution Mass 
Spectrometry 
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V 
LC 液相色谱 Liquid Chromatography 
MALDI 基质辅助激光解吸离子化 
Matrix-Assisted Laser 
Desorption Ionization 
MS 质谱 Mass Spectrometry 
NMR 核磁共振 Nuclear Magnetic Resonance  
ppm 百万分之一 part per million 
ESI 电喷雾电离 Electrospray Ionization 
TOF 飞行时间 Time of Flight 
LOD 检出限 Limit of Detection 
LOQ 定量限 Limit of Quantification 
CHCA α-氰基-4-羟基肉桂酸 
α-Cyano-4-hydroxycinnamic 
acid 
FA 甲酸 Formic acid 
TFA 三氟乙酸 Trifluoroacetic acid 
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第一章 绪论 
1 
第一章 绪论 
1.1 代谢组学 
1.1.1代谢组学的概念 
代谢组学是继基因组学和蛋白质组学之后发展起来的一门新兴学科，它基于
基因组学和蛋白质组学的研究思想，对生物体内所有的代谢物进行定量分析，从
而寻找生物体代谢物与生理病理变化间的相对关系的一门学科。代谢组学的概念
来源于代谢组，即某一生物或细胞在一定生理时期所有的低分子量的代谢物的总
和，而代谢组学正是基于对这些代谢物进行定性定量分析的一门新的学科。代谢
组学的分析基础是组群指标，分析手段通常为高通量检测和数据处理，它的主要
研究对象是分子量小于 1000 的各种代谢途径的底物和产物。 
1.1.2 代谢组学的应用 
代谢物是基因表达的最终产物，它在代谢酶的作用下生成，虽然代谢组学不
能像基因组学及蛋白质组学那样从基因和蛋白质的层面来探寻生命活动，但是实
际上生物体内许多生命活动是发生在代谢层面上的，例如细胞间信号的释放与传
递，能量的传递等等。因此代谢组学虽然是一门新兴的学科但其研究热度却上升
很快，它能够实现对一个细胞状态的整体性研究评估，并且可以将环境因素、基
因调控、酶的活性和代谢动力学等影响生物体机能的因素融合到一起来研究[1]。
与此同时，高分辨率分析平台--基于 NMR 以及 HPLC/GC-MS 的高通量代谢分析
方法与多元统计分析相结合也为不同代谢途径的分析提供了技术可能[2]。自上个
世纪末，O.Feihn[3]和 J.Nocholson[4]分别提出代谢物组学(metabolomics)和代谢组
学(metabonomics)概念以来，代谢组学在近 20 年期间发表的科研论文已有上万篇。
代谢组学的应用主要表现在以下几个方面： 
【用于疾病诊断】：代谢组学的研究对于更好的理解生物体的生理机能以及
寻找潜在的疾病标记物有重大意义[5]。生物体内的代谢物会随着生物体的某些病
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